INTRODUCTION
The buttressing effect of ice shelves is a primary control on the stability of vulnerable regions of the Antarctic (1, 2) . Loss of ice shelf frictional resistance can accelerate grounded glacial ice into the ocean, which contributes to sea-level rise (3, 4) . Basal channels, which have been identified under many Antarctic ice shelves (5) , are known to thin the ice and alter the stress distribution, making the ice shelf more susceptible to basal or surface fractures (5-7). Flow-parallel fractures have been observed and attributed to these channels (5, 6) , but flow-perpendicular fractures have instead been interpreted as a result of basal crevassing, not directly related to basal channels (8, 9) . On the surface of ice shelves, river channels have been identified in satellite imagery. These rivers have been previously reported for Nansen Ice Shelf (10, 11) , for Larsen B immediately before its collapse (12) , and throughout East Antarctica (13) (14) (15) ; to date, these rivers have not been linked to the presence of basal channels.
We present evidence from multiple ice shelves in Antarctica and one in Greenland, which demonstrate that basal channels drive the formation of transverse surface fractures (Fig. 1) . Basal channels in two of these systems also facilitate formation of a surface river, increasing the susceptibility of the ice shelf to localized thinning and rifting by hydrofracture.
RESULTS

Study site
Our main study area is the Nansen Ice Shelf, which is located in the western Ross Sea, adjacent to the Drygalski Ice Tongue in East Antarctica.
This shelf covers~2000 km 2 and is 200 m thick toward its oceanic terminus. Ice flow on the shelf averages 150 m year −1 (16) and is primarily sourced from Reeves and Priestley glaciers ( Fig. 2A ). Once floating, these two ice bodies join to form a suture zone; the resulting differential shelf draft causes ocean water to rise and accelerate (17) with the enhanced melting forming a basal channel that persists for the length of the shelf, which we have identified using aerial geophysics methods.
In January 2014, a surface river was observed on Nansen Ice Shelf, cascading into a 200-m-wide, 20-km-long rift in the shelf (Fig. 2B ) (10, 11) . This 100-m-wide river was visible in satellite imagery ( Fig. 2A ) and formed 20 km downstream from the grounding line of Reeves Glacier. This river has previously been suggested to have a stabilizing effect on the Nansen Ice Shelf by removing water that might otherwise form into melt ponds (11) . Here, we suggest that the location of the surface river is driven by the presence of the basal channel as, due to hydrostatic equilibrium, surface depressions in the ice shelf mirror areas with shallow basal drafts (Fig. 3 , B to D) (6) . In 2014, the river accumulated water along its 18-km length before plunging into the rift, 5 km from the calving front of Nansen Ice Shelf. In April 2016, a calving event occurred at this fracture, generating the 153-km 2 C-33 iceberg and a 61-km 2 unnamed iceberg (Fig. 2C ). The transverse fracture that culminated in this calving of two large icebergs was first visible in 1987 Landsat imagery with a width of <100 m and a length of 4 km (Fig. 4B) . In 1987, the fracture was centered directly above the basal channel (Fig. 4B) . Once formed, the fracture advected downstream and maintained a relatively constant geometry, confined to the region of thinner ice within the channel, until 2012, when it expanded from 4 to 13 km in length. Video footage of the 2014 Nansen River revealed ocean water refrozen in the fracture, indicating that full rifting had occurred. In situ data collected in November 2016, after the calving event, led to the identification of a new inland fracture on the ice shelf (Fig. 4B) . The new fracture formed directly over the thinnest ice in the basal channel in a similar region to the 1987 fracture; this new fracture will likely seed a future calving event. We discuss the roles that both the basal channel and surface river likely played in the fracturing that led to the 2016 Nansen Ice Shelf calving event.
Data acquisition
To investigate the characteristics of the Nansen Ice Shelf basal channel and its colocated surface river, we used airborne very high frequency ice-sounding radar and single-beam laser altimeter data collected by the International Collaborative Exploration of the Cryosphere through Aerogeophysical Profiling (ICECAP) project in October 2011 and the Geophysical Investigations of Marie Byrd Land Lithospheric Evolution (GIMBLE) project in December 2014. Each flight line intersected the surface river at a different point along its course ( Fig.  2A) . The surface altimetry and basal radar data from 2011 ( Fig. 3B) and 2014 (Fig. 3, C and D) show the basal channel, the related surface depression, and the riverbed. These colocated surface and basal features are consistent both temporally and spatially and, in years with sufficient surface melt, manifest as one (or two parallel) surface rivers. In 2011, the basal channel was on the order of 4 km wide and 70 m high. This cavity caused a hydrostatic depression of 10 m over the same region in the surface, which drew water from the surrounding regions on the ice shelf that, through thermal erosion, incised the surface a further 4 m to create two 100-m-wide rivers (Fig. 3B) . In 2014, the flight line crossed the channel obliquely so that it appears wider (6 km); we calculate a flow-perpendicular width of 3.7 km (Fig. 3C ). This flight line recrossed the channel over the rift in the ice shelf (data gap in Fig. 3D ) where the width was 6 km (7 km in the oblique data). In both locations, the basal channel was 50 m high; its height and width are comparable to the central sub-ice shelf channels on Pine Island Glacier in West Antarctica (6) .
DEM construction
We developed a DEM of the Nansen Ice Shelf surface to investigate the topography over a broader scale than the flight line observations allow. This DEM was constructed by combining radar and laser altimetry data with stereo photometry (Fig. 4A ) (see Materials and Methods). Our DEM reveals that the surface depression visible in the radar transects spans the length of the ice shelf. We applied water flow routing algorithms to this DEM and found that, as observed in the Landsat imagery, meltwater from the Reeves and Priestley Glacier catchments converge into a surface river on the ice shelf (Fig. 4A) . To estimate the basal topography of the ice shelf, we assumed hydrostatic equilibrium and inverted our surface DEM (see Materials and Methods). The basal DEM and the channel extents that we extracted from the radar data both indicate that the channel widens along flow (Fig. 4B ), which could be due to higher melt rates near the ice shelf front or as a result of lateral stretching. Our basal DEM indicates that the basal channel initiates at the confluence of Reeves and Priestley glaciers as a result of this suture zone, which is consistent with theory and observations on other ice shelves (18, 19) . Ice at the grounding line of Priestley Glacier is several hundred meters thicker than at Reeves (20) ; this thickness differential will increase the advection speeds of warm, buoyant plumes, which should enhance basal melting in this region and induce a channel, as observed on the Amery Ice Shelf (19) . The location of the channel along the suture zone suggests an origin primarily due to ocean melting (5, 17), rather than from subglacial water influx as seen at other Antarctic ice shelves (21) .
DISCUSSION Nansen Ice Shelf basal channel and fractures
The location of the 1987 fracture over the basal channel and the new fracture that was found in November 2016 in the same basal channel region both illustrate the weakening impact of the basal channel. To investigate the cause of these transverse fractures, we used ice shelf surface velocity products to calculate the surface strain rate field, as detailed in Materials and Methods. We anticipate fractures forming in areas where there is an increase in extensional strain rate. In the strain rate field calculated from MEaSUREs 1996-2016 average velocities (16), the greater principal strain rate was generally compressional in the area overlying part of the basal channel and extensional seaward of the 2016 fracture location (Fig. 5A ). We also analyzed shorter-term strain rate fields using the Landsat8-derived Global Land Ice Velocity Extraction (GoLIVE) product (22) . The GoLIVE data are generated only on water-free areas of the ice surface, limiting data coverage along the Nansen River channel during summer melt periods. As a result, we analyzed periods between October and November, before the surface melt season, from 2013 to 2016. All scenes that we analyzed featured bands of cross-flow compression and extension within the basal channel-induced surface depression (Fig. 5 , B to E). The new 2016 fracture formed within the band of extension.
In both 2013 and 2014, the region where the fracture eventually formed experienced relatively small extensional strain rates in the transverse direction (Fig. 5 , B and C). If the ice shelf was laterally spreading, causing higher extensional strain, a fracture could have formed in the thinnest ice along the length of the channel. However, as the Nansen Ice Shelf is laterally constrained, these transverse extensional strain rates were too small to allow fracture parallel to the ice flow direction.
In late 2015, the rate of extension increased and rotated to be extensive in the down-flow direction rather than in the cross-flow direction. This region of strong down-flow extension propagated back to (but not beyond) the location where the new fracture formed. A similar downflow extensional pattern is seen in late 2016, just before identification of the fracture in the field (Fig. 5E ). Using these data, we hypothesize that the release of friction due to the expansion (in 2015) and eventual calving (in 2016) of the 1987 fracture allowed flow acceleration, and therefore extensional strain, driving the formation of the new 2016 transverse fracture. This suggests that the longitudinal fracture location is controlled by the wider strain regime of the ice shelf, while its transverse location is fixed by the location of the basal channel.
Basal channel fractures in other ice shelves
We observe a similar basal channel-induced fracturing pattern on other ice shelves. A 2-km-wide transverse fracture appeared in 2016 on the ice shelf of Petermann Glacier, Greenland. Petermann Ice Shelf underwent two large calving events in 2010 and 2012 that originated from rifts propagating from the edge of the ice shelf (23) . The 2016 fracture, however, was located in the center of the shelf directly overlying a basal channel, and was confined to the regions of the thinnest ice in the channel (Fig. 1C) . This fracture intersected a surface river colocated with the basal channel, similar to the Nansen Ice Shelf. The Petermann Ice Shelf basal channel has high melt rates (24) and, combined with the potential for hydrofracture by the surface river, also demonstrates weakening of the shelf as illustrated by the latest fracture event.
Totten Glacier Ice Shelf hosts the highest density of basal channels identified around the Antarctic (5). The stability of the Totten Glacier Ice Shelf is of great concern because it provides a resistive force for grounded ice that could, in the event of ice shelf collapse, contribute at least 3.5 m to sea-level rise (25) . We used ICECAP radar data to identify the extent of two of the Totten Ice Shelf basal channels. As on Petermann Ice Shelf, the thinnest region of the channel initiates transverse fractures that propagate laterally for multiple kilometers (Fig. 1D) . Unlike Nansen and Petermann ice shelves, which each have one prominent fracture, Totten Ice Shelf has multiple fractures originating over the basal channels that propagate until they reach thicker ice. It is possible that these fractures originate as basal crevasses rather than surface crevasses but, similar to those on the other ice shelves that we discuss, they are limited to the thinnest ice associated with the basal channels. Once these fractures become unpinned from the grounded region flanking Totten Ice Shelf, they form the regions of active frontal calving.
Moscow University Ice Shelf is a region, like Totten Glacier Ice Shelf, where high melt rates occur over the grounding line (26) . The basal channel that can be identified in MODIS imagery runs from the grounding line for 105 km along the full length of the ice shelf (5). A transverse fracture over the basal channel is visible in Landsat imagery from November 2017 with a length of 4.6 km (Fig. 1E) .
Pine Island Glacier is one of the most vulnerable regions of the Antarctic to ice shelf collapse and has seen marked thinning rates and grounding line retreat over the last decade (4, 6) . Pine Island Glacier Ice Shelf has had five large calving events between 2000 and 2017. The fracture that grew to cause the most recent calving event in September 2017 initiated over one of the ice shelf basal channels. The channels have been identified from MODIS imagery (5) and radar surveys (6) . A 4-km-wide polynya identified from Landsat imagery in 2000 also supports the presence of a channel in this location. The fracture (Fig. 1G) can first be seen in March 2015 with a length of 3.7 km. By February, the fracture had moved 3.4 km downstream and lengthened to 7 km. In January 2017, the fracture was 5.4 km downstream and 19 km long. This fracture culminated in a calving event in September 2017 creating the 185-km 2 B-44 iceberg. The formation of a fracture originating from the center of the ice shelf and propagating laterally, rather than from the edge toward the center has previously been attributed to crevasses originating from the grounding line (27) . Here, we suggest that thinning within the basal channel is a driver for the initial transverse location of the fracture, and the role of grounding lineoriginated crevasses is to determine the longitudinal location of fracture formation.
Abbot Ice Shelf, in West Antarctica, lies adjacent to Pine Island Glacier Ice Shelf and is a region where basal melt has been the primary mechanism of mass loss rather than calving (26) , although the mass loss rates of this ice shelf are low compared to other ice shelves in the area because of the shallow draft compared to the depth of warm ocean water (4). Sufficient melt occurs, however, to cause an ocean-sourced basal channel with a length of 135 km (5). A 7.6-km-long transverse fracture initiates from the center of the basal channel and propagates laterally, similar to that seen on Petermann Ice Shelf (Fig. 1A) . A second possible fracture initiates from the basal channel in the opposite direction, 17 km oceanward of the first fracture.
In contrast to Abbot Ice Shelf, mass loss at Filchner Ice Shelf is dominated by calving mechanisms (26) . At Filcher Ice Shelf, two basal channels have been identified that have subglacial sources (5) . One of these channels originates from the grounding line of Recovery Glacier, which drains 8% of the East Antarctic's ice volume. This basal channel runs 340 km along the length of Filchner Ice Shelf. A transverse fracture is visible above the width of this basal channel, stretching to a length of 6 km, within 17 km of the ice front (Fig. 1B) .
The role of basal channels in ice fracture
The formation of transverse fractures over thin ice caused by basal channels appears to be a phenomenon observed across ice shelves with variable characteristics, including highly sensitive systems. Many of these systems have basal channels that do not yet have surface rivers associated with them, suggesting that the thinning by the basal channel plays the primary role for fracturing. At the Nansen Ice Shelf, we have evidence of this channel-induced fracturing leading to a large calving event and subsequent refracturing over the basal channel. The Nansen case study, along with the multiple examples of basal channel-induced fracturing, demonstrates the vulnerability of ice shelves to channelinduced calving. This phenomenon is likely to become more prevalent with increased access of warm ocean water to ice shelves exacerbating basal channel melting and warming air temperatures enhancing surface water formation. Such fracture-driven calving, controlled by the ice thinning in the basal channel and the ice shelf strain regime, could breach the compressive arch found where ice shelves unpin from bounding regions (28) resulting in ice shelf collapse.
The role of surface hydrology in ice fracture Surface rivers are not identified over all the basal channels that have transverse fractures and can therefore not be the leading cause for fracture initialization. However, the addition of a surface river on ice thinned by basal channels could cause further weakening by surface incision (8) and hydrofracturing (9) when flowing into basal channel-driven fractures, if the latter do not initially form as full-thickness rifts. It has been suggested that surface rivers may stabilize ice shelves by removing water that might otherwise collect into melt ponds (11) . However, we demonstrate that the Nansen surface rivers only remove water from the region of the ice shelf where the basal channel causes a surface depression (Fig. 4A) . The river can then enhance ice shelf surface erosion in the thinnest ice overlying a basal channel and will focus water into transverse surface fractures more rapidly than would be possible for water separated into multiple melt pond drainage basins. Although the catastrophic collapse of the Larsen B Ice Shelf was primarily associated with melt ponds (29) , mapping of surface water features leading up to the shelf disintegration event also identified surface rivers, which ultimately did not inhibit large-scale melt pond-related fracturing (12) . Surface ponds also form on Nansen Ice Shelf (Fig. 2A) ; however, we have shown that transverse fracturing on this (and other) ice shelves is controlled by basal channel processes. If the surface rivers do not cause weakening of an ice shelf by incision or hydrofracture, at the very least they, through hydrostatic balance with basal channels, are indicators of their presence, which, as we have demonstrated, are locations of potential weakness in ice shelves. Our evidence therefore suggests that the presence of coincident surface rivers and basal channels does not stabilize the ice shelf.
Synthesis and implications for ice shelf stability
A large number of ice shelf basal channels are present around Antarctica (5), and increased access of warm ocean water is expected to be a key driver for enlarging basal channels and weakening ice shelves in the future (30) . Our study provides direct evidence for the weakening impact of basal channels in the present day due to the formation of transverse fractures. Previously, fractures parallel to flow have been attributed to basal channel processes (6), but our new evidence showing transverse fractures and their direct link to ice shelf calving indicates the important role of basal channel thinning in the future stability of ice shelves. With rising air and ocean temperatures, the processes reported here may become prevalent elsewhere in Antarctica. As a result, the role of transverse fracturing driven by basal channels should be included in models projecting future Antarctic ice sheet mass balance.
MATERIALS AND METHODS
Radar surface and bed elevation
The ice surface and basal elevations for all profiles in Fig. 4 were derived using the High Capability Airborne Radar Sounder (HiCARS) that was used on the ICECAP platform in 2011 and the GIMBLE platform in 2014. This system was also used to identify the extent of basal channels in Fig. 1B . Ice surface and basal elevations were extracted using a common semiautomatic method with rough localization from manual picking. A detailed description of the HiCARS system, processing techniques, and measurement uncertainties can be found in the literature (31) . The vertical resolution of the radar data is related to the signal source wavelet, the receiver bandwidth, the sampling rate, the processing applied, and the medium through which the signal transmits; HiCARS has a fundamental vertical resolution of~10 m in air and~5.6 m in ice.
Generation of Nansen Ice Shelf surface DEM
The 50-m resolution surface DEM used in this study was generated by combining a 1-km gridded elevation data set [BDEM (32) ], the ASTER GDEM2 (Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation Model), and more than 90,000 laser altimetry measurements from ICESat (Ice, Cloud, and Land Elevation Satellite) (33) , IceBridge ATM (Airborne Topographic Mapper) (34) , and IceBridge Riegl (35) . Our custom DEM blends the high precision of ASTER GDEM2 for short-wavelength topographic features with the superior accuracy of BDEM for large-scale features ( fig. S1 ).
We developed a custom surface DEM for this work because all readily available surface DEMs failed to sufficiently replicate the patterns of supraglacial water flow observed on the Nansen Ice Shelf. We compared several publicly available DEMs to satellite and airborne laser altimetry using the data interpolation functions in Antarctic Mapping Tools for MATLAB (36) . We found that BDEM exhibited the best fit (z laser − z DEM = 0.5 ± 3.7 m) with more than 15,000 laser altimetry measurements taken over the ice shelf, while ASTER GDEM2 showed the poorest fit to data (z laser − z DEM = 10.3 ± 51.4 m). We also assessed the DEMs by comparing the surface water routing, calculated with TopoToolbox 2 (37) for each DEM, to observations. Each of the 1-km DEMs allowed formation of a surface river in the rough proximity of the river observed in 2014. The finer-resolution ASTER GDEM2, however, produced nonphysical flow patterns such as landward-flowing rivers. Figure S1 shows the absolute error (z laser − z DEM ) and the predicted surface water routing patterns for BDEM, ASTER GDEM2, and our custom DEM.
We used the BDEM as the basis for the large-scale topography of the custom surface DEM. In an effort to correct errors in BDEM introduced by the steep topography that bounds Nansen Ice Shelf (where radar altimetry tends to perform poorly) and uncertainties in the firn depth, we adjusted the BDEM using all available laser altimetry in the region. We discarded ICESat measurements with any quality flags or gain values exceeding 30. We also include airborne laser altimetry from the IceBridge Riegl and ATM sensors. We used the Antarctic Mapping Tools iceflex_interp function to calculate a coefficient of flexure for all laser altimetry measurements. We next corrected for tides using CATS2008b (38) and inverse barometer effects (39) using ECMWF (European Centre for Medium-Range Weather Forecasts) ERA-Interim surface pressure reanalysis data. Corrections applied to floating ice measurements were small and contributed very little to the final DEM, but we included them as proper treatment of the data.
We fitted a surface to the differences between the laser measurements and interpolated BDEM elevations, added that surface to the BDEM, resampled to 50-m resolution, and referenced the resulting surface to the geoid. Adjustments to the BDEM were minor (<4 m) within the watershed of the observed surface river but reached 20 m in a small area near the north end of Nansen Ice Shelf.
Although we found inaccuracies in the ASTER GDEM2 over large scales, we incorporated its short-wavelength features in our custom DEM to take advantage of photogrammetry's unparalleled small-scale precision. We applied a 3 × 3 median filter to the ASTER GDEM2 to reduce speckle and to serve as an anti-aliasing mechanism, then we interpolated it to our 50-m grid. After interpolation, we filled large areas of missing data with values from the adjusted BDEM and smoothed any seams by interpolating between the two data sets along a 500-m border where they join. We did not attempt to model the surface where the ASTER GDEM2 is missing a large section of data near the northern edge of the Nansen Ice Shelf. ASTER GDEM2 contains an area of noise and missing data likely due to the presence of windblown-drifted snow (74.8°S, 163.5°E), but this region had negligible effects on our final water routing predictions.
Finally, we completed our custom DEM by summing the filled ASTER GDEM2 and the Gaussian low-pass-filtered adjusted BDEM, then subtracting the Gaussian low-pass-filtered filled ASTER GDEM2. The final product contains long-wavelength features from the adjusted BDEM and short-wavelength features from the filled ASTER GDEM2. By this method, 2ps, where s is the standard deviation of the Gaussian filter, represents the crossover wavelength at which the adjusted BDEM and the filled ASTER GDEM2 contribute equally to our custom DEM.
We determined the optimum crossover wavelength, and therefore the s for use in the Gaussian filter, by applying TopoToolbox 2 to predict flow paths for water at the headwaters of the surface river observed in 2014. We performed this analysis for DEMs that we generated using multiple values of s. We converted the resulting flow paths to a curvilinear coordinate system, which we defined from manual picks for the river centerline as seen consistently in Landsat imagery. We found that an effective crossover wavelength of 4250 m reproduced the river flow path with the lowest root mean square (RMS) error, 347 m, compared to the observed river flow path. It should be noted that the river flow path is relatively insensitive to the choice of crossover wavelength: It reproduced within 1-km RMS error whether the adjusted BDEM was used alone or if it was blended with the filled ASTER GDEM2 up to a crossover wavelength of 12 km. The robustness of the river feature implies that it is driven by underlying large-scale topographic phenomena.
Generation of Nansen Ice Shelf basal DEM We used our custom surface DEM for hydrostatic calculations to estimate the ice thickness and basal elevation of Nansen Ice Shelf. Calculation of the hydrostatic thickness assumes that the ice shelf is fully floating and in hydrostatic balance. We calculated the ice thickness (H) as
where Z s is the ice shelf surface elevation (m asl), r w is the density of seawater (1027 kg m ). This formulation assumes that there is no firn, which is reasonable because strong katabatic winds from Reeves and Priestley glaciers expose blue ice over much of the Nansen Ice Shelf surface.
Strain rate calculations
We used velocities from MEaSUREs interferometric synthetic aperture radar (InSAR)-derived Antarctic ice velocity data (16) and the Landsat8-derived GoLIVE product (22) to calculate strain rates on Nansen Ice Shelf. The former are an average of velocities between 1996 and 2016, and the latter are snapshots of velocity between 2013 and 2017. We analyzed four GoLIVE velocity data sets between 2013 and 2016 with 32-day separation in the period of October to November to avoid noise produced by surface meltwater on the ice shelf. The four GoLIVE scenes were selected to optimize both data coverage and year-to-year temporal overlap with one another, in an effort to aid qualitative comparison of the strain rate fields.
The MEaSUREs and GoLIVE products are produced on horizontal x-y grids that do not necessarily align with the flow of ice bodies. As a result, we used the MEaSUREs velocity data to establish the average flow direction of Nansen Ice Shelf and rotated to a local coordinate system accordingly. In our application, x is therefore the horizontal down-flow direction and y is the across-flow direction. We interpolated the MEaSUREs data onto the same 300 × 300 m grid for data comparison purposes. We calculated the magnitudes of the principal strain rates as 
